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SetbackAbstract This paper presents a study on the seismic nonlinear performance of 86 multistory dual
systems irregular in elevation and constructed from normal strength concrete (with fc = 25 MPa)
and high-strength concrete (with fc = 75 MPa). The applicability of the Static Equivalent Lateral
Force (SELF) method used by the seismic codes in Europe (Eurocode 8), in the United States
(IBC-2012) and in Egypt (EC201-2008) when applied to dual systems irregular in elevation and con-
structed from NSC and HSC is examined. In addition, the reliability of the criteria provided by the
studied codes, in order to separate the regular from irregular dual systems is also veriﬁed. Records
of two real earthquakes (El Centro and Parkﬁeld) and one artiﬁcial earthquake, with wide ranges of
frequency content have been selected as input ground motions. The results showed that the limits in
IBC-2012 and EC201-2008 aimed to identify the lateral stiffness irregularity are satisfactory and can
be relaxed by about 10%.
 2013 Production and hosting by Elsevier B.V. on behalf of Ain Shams University.1. Introduction
Recently, the use of high-strength concrete (HSC) has become
attractive in tall buildings as well as in earthquake-resistantstructures [1]. On the one hand, for architectural reasons,
many multistory buildings are designed with horizontal
stiffness changes, change in mass storey, and for reasons or
restrictions imposed by local laws, many multistory buildings
are designed with setbacks. Using HSC in tall dual systems
leads to smaller size of the reinforced concrete walls and col-
umns in the lower stories. This is associated with a change in
the lateral resistance of these structures when subjected to
ground motions. Most of the available studies [2–8] are meant
to the seismic behaviour of reinforced concrete building frames
with irregularity in elevation and constructed from Normal
Strength Concrete ‘NSC’. On the other hand, the use of the
approximate Static Equivalent Lateral Force ‘SELF’ method
to estimate the forces developed in buildings during an earth-
quake is still recommended by many current codes such as the
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‘EC-8’ [10] and the draft of the Egyptian Code for Loads
‘EC201-2008’ [11]. The SELF method is based on a number
of assumptions which are true for regular structures. However,
the deﬁnition of irregular structures for different vertical
irregularities; stiffness, mass and setbacks differ among
these codes.
The main objective of this paper is to study the seismic
nonlinear performance of multistory dual system buildings
constructed from NSC and HSC up to 75 MPa and irregular
in elevation. The applicability of the SELF methods in
IBC-2012, EC-8 and EC201-2008 when applied to dual system
buildings with different vertical irregularities is evaluated. The
reliability of the criteria provided by the codes considered in
this study, to separate the regular from irregular dual system
buildings, is also veriﬁed.
2. Seismic codes provisions for vertical irregularities
2.1. IBC-2012
Building irregularity is based on the following:
 A soft storey is one in which the lateral stiffness is less than
70% of that in the storey above, or less than 80% of the
average stiffness of the three stories above.
 Mass irregularity shall be considered to exist where the
effective mass of any storey is more than 150% of the effec-
tive mass of an adjacent storey. A roof that is lighter than
the roof below need not be considered.
 Vertical geometric irregularity shall be considered to exist
where the horizontal dimension of the lateral force-resisting
system in any storey is more than 130% of that in adjacent
storey. One-storey penthouses need not be considered.2.2. EC-8
According to the EC-8, a building can be considered regular if:
 Both the lateral stiffness and the mass of the individual sto-
ries remain constant or are reduced gradually, without
abrupt changes, from the base to the top.
 For gradual setbacks preserving axial symmetry, the
setback at any ﬂoor is not greater than 20% of the
previous plan dimension in the direction of the setback.
For a single setback within the lower 15% of the total
height of the main structural system, the setback is not
greater than 50% of the previous plan dimension. If
the setbacks do not preserve symmetry, in each face
the sum of the setbacks at all stories is not greater than
30% of the plan dimension at the ﬁrst storey, and the
individual setbacks are not greater than 10% of the
previous plan dimension.2.3. EC201-2008
The regularity requirements of EC201-2008 are similar to that
in EC-8 except:
 Stiffness irregularity shall be considered to exist where the
lateral stiffness is less than 75% of that in the storey above. Mass irregularity shall be considered to exist where the
effective mass of any storey is more than 150% of the effec-
tive mass of an adjacent storey.
3. Nonlinear analysis
3.1. Analytical modelling
The seismic analysis in this study has been performed using the
inelastic computer program IDARC-2D ‘Version 6.1’ [12]
which contains many nonlinear structural elements. The struc-
ture is modelled as a 2D assemblage of nonlinear elements con-
nected by a number of ﬁnite deformable elements, or members.
Beams and columns are modelled as inelastic single component
elements with distributed ﬂexibility. The P-D effect is ac-
counted for. The damping coefﬁcients are assumed as 5% of
the critical damping in the ﬁrst two vibrational modes. The
building is subjected to a horizontal base acceleration in the
plane of the building. The differential equation of motion is
formulated in an incremental form and integrated using a
small time interval. The basic model of IDARC-2D uses three
primary parameters and some secondary related parameters to
characterize stiffness degradation, strength deterioration and
pinching during load reversals.
3.2. Adopted material models and properties
The model suggested by Daniel and Patrick [13] for NSC and
HSC in compression has been adopted. This model takes into
account the effect of conﬁnement on the concrete strength. The
value of the strain at maximum strength of unconﬁned con-
crete is assumed equal to 0.002 and the value of the strain
for half of the maximum strength of unconﬁned concrete is
equal to 0.004. The modulus of elasticity for NSC and HSC
is obtained from the equation recommended by the ACI 318
code [1]. For concrete in tension, the model used by Massicotte
et al. [14] is adopted. For the steel reinforcement bars, a trilin-
ear stress–strain relationship is adopted. The modulus of elas-
ticity of the steel bars is taken equal to 200 kN/mm2. The
adopted model for pullout of the steel bars is that suggested
by Fillippou et al. [15].
4. Selection of earthquake ground motions
Four earthquake records (EL Centro, Parkﬁeld, San Fernando
and New Mexico earthquakes) were analysed in this study in
order to cover a wide range of earthquake frequency content.
The acceleration response spectra for each of the four earth-
quake records have been generated and the acceleration time
histories of El Centro and Parkﬁeld earthquake records,
Fig. 1, were chosen for the analysis in this study.
These two earthquake records match the ‘highest design
level’ earthquakes in the United States according to the
IBC-2012 and Europe according to the EC-8 (for high ductility
structures or ductility class high). The computer program
SIMQKE [16] was used for generating many artiﬁcial acceler-
ation time histories; from these the proﬁle shown in Fig. 2a was
chosen to represent the ‘probable design level’ earthquakes for
the highest design level in Egypt according to the EC201-2008
Figure 2 Acceleration time history of the artiﬁcial earthquake of zone 5 in Egypt.
Figure 1 Acceleration time history of El Centro and Parkﬁeld earthquakes.
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acceleration of 0.3 g and a duration of 20 s. As shown in
Fig. 2b, a response spectrum shape for medium soil with
damping ratio 5% according to the EC201-2008 has been con-
sidered as the target spectrum for this artiﬁcial earthquake.
5. Conﬁguration of the examined dual systems
In this paper, the inﬂuence of irregularity in elevation is eval-
uated by comparing the nonlinear dynamic response of regular
dual systems, assumed as a reference, to those irregular dual
systems obtained by modifying the vertical distribution either
of lateral stiffness or mass or of setback. Three reference exam-
ples of ductile reinforced concrete dual systems are considered
herein, one with twelve stories two bays and the others with
twelve stories four bays [17]. The regular examples are con-
structed from NSC with fc = 25 MPa and having the symbols
D1RN and D2RN as shown in Fig. 3. Dual system 3 is similar
to dual system 1 with slight modiﬁcation in dimensions to suit
exactly with the limits of setback required by the codes. The
dimensions and reinforcement of these examples have been
modiﬁed in order to suit the increased concrete strength of
the dual systems to become 75 MPa resulting in another three
regular HSC dual system examples with symbols D1RH,
D2RH and D3RH. The period of examples D1RN, D2RN,
D3RN, D1RH, D2RH and D3RH are 0.30 s, 2.02 s, 0.31 s,
0.34 s, 2.03 s and 0.35 s, respectively.
A number of 22 regular examples and 16 examples at the
limit between regular and irregular cases according to the
codes have been analysed. In addition, 48 different exampleswith different vertical irregularities have been analysed too.
The modiﬁcations of the dimensions of the dual systems due
to changing the vertical regularity are designed to ﬁt the limits
of the provisions of IBC-2012, EC-8 and EC201-2008. This
gives a total of 43 NSC dual system examples and similar 43
HSC dual system examples ‘regular, at the limit and irregular’.
The ﬁrst part of the symbols of the examples refers to the num-
ber of the example ‘D1: dual system 1, etc.’. The second part
refers to the regularity conditions ‘R: regular dual system; I:
irregular dual system; L: dual system with conﬁguration at
the limit between regular and irregular cases’. The third part
refers to the studied case of vertical irregularity and the num-
ber of this case ‘IS1: irregularity in stiffness case 1; IM1: irreg-
ularity in mass case 1 and IB2: irregularity in setback case 2’.
The fourth part of the symbols refers to the design concrete
strength of the building examples ‘N: NSC with fc = 25 MPa
& H: HSC with fc = 75 MPa’.
6. Effect of lateral stiffness irregularity
The envelopes of the storey displacement and storey drift for
dual system examples with lateral stiffness irregularity under
EL Centro 1940 earthquake record are shown in Figs. 4–6.
For dual system Examples 1 ‘short period’, it can be seen that
for dual system D1LS1 N ‘on the ﬁrst limit; i.e., the lateral
stiffness of each storey is 70% of the lateral stiffness of the
storey above as deﬁned by IBC-2012’ the average storey dis-
placement and storey drift along the dual system height are
larger than that of the regular dual system D1RN by
3.30% and 5.30%, respectively. For irregular dual systems
Figure 3 Conﬁguration of regular dual systems.
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Figure 4 Effect of stiffness irregularity on the envelopes of the storey displacement of dual system Example 1 under EL Centro
earthquake.
324 A.M. Yousef et al.D1IS1N, D1IS2N and D2IS3N ‘having lateral stiffness of
each storey 65%, 60% and 55% of the storey above, respec-
tively’ the average storey displacement is larger than that of
the regular dual system D1RN by 4.10%, 4.50% and
6.20%, respectively. For dual systems D1LS2N, D1IS4N
and D2IS5N ‘with lateral stiffness of three subsequent stories
80%, 60% and 70% of the lateral stiffness of the previous
adjacent storey, respectively’ the average of storey displace-
ment is larger than that of the regular dual system D1RN
by 1.30%, 5.10% and 3.20%, respectively. In general, the
average storey drift along the height of the building Examples
1 and 2 is approximately similar to that of the average storey
displacement. On the other hand, the results show that the in-
crease in the average storey shear and overturning moment
due to lateral stiffness irregularity is considerably less than
that of the increase in the average storey displacement andstorey drift. The results indicate that the ﬁrst limit of lateral
stiffness irregularity required by the IBC-2012 can be safely
modiﬁed for dual systems with short period of vibrations to
ﬁt with example D1IS2N; i.e., ‘the lateral stiffness of each
storey is less than 60% of the storey above’, while the second
limit required by the IBC-2012 can also be relaxed to ﬁt with
example D1IS5N; i.e., ‘the lateral stiffness of three subse-
quent stories is 70% of the lateral stiffness of the previous
adjacent storey’. For dual system Examples 2 ‘long period’,
it can be seen that the average of the storey displacement
and storey drift along the building height for dual system
D2LS1N are larger than that of the regular dual system
D2RN by 6.60% and 6.80%, respectively. For irregular dual
systems D2IS1N and D2IS2N the average storey displace-
ment is larger than that of the regular dual system D2RN
by 8.80% and 12.60%, respectively, while for dual systems
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Figure 5 Effect of stiffness irregularity on the envelopes of the storey drift of dual system Example 1 under EL Centro earthquake.
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Figure 6 Effect of stiffness irregularity on the envelopes of the storey displacement of dual system Example 2 under EL Centro
earthquake.
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ger than that of dual system D2RN by 3.60% and 4.80%,
respectively. This indicates that the two limits of lateral stiff-
ness irregularity required by the IBC-2012 can be safely mod-
iﬁed for the dual systems with long period of vibrations to ﬁt
with examples D2IS2N and D2IS5N; i.e., ‘the lateral stiffness
of each storey is less than 60% of the storey above and the
lateral stiffness of three subsequent stories is 70% of that
of the previous adjacent storey’.
The results showed that increasing the concrete strength of
the system from NSC to HSC generally increased the average
storey displacement along the height of the building for differ-
ent cases of lateral stiffness irregularities. This can be attrib-
uted to the reduced cross-sections of the members of the
dual systems constructed from HSC. In general, the ratios of
increase in the average of the overall response of the HSC sys-
tems as a result of increasing the lateral stiffness irregularity
are slightly greater than that of the NSC examples. This indi-
cates that the two limits of lateral stiffness irregularity required
by the IBC-2012 can be safely modiﬁed for the dual systems
with short and long period and constructed from HSC as ex-
plained before for NSC dual systems.7. Effect of mass irregularity
Fig. 7 shows the envelopes of the storey displacement for the
example dual systems with mass irregularity along with that
of regular examples and that on the limits between regular
and irregular cases under EL Centro 1940 earthquake record.
It should be noted that, in the IBC-09 and the EC201-2008 a
system is considered to have mass irregularity when the effec-
tive mass of any storey is greater than 150% of the effective
mass of a subsequent storey and this condition results in an in-
crease in the total mass of the dual system examples compared
with the original regular dual systems (D1RN and D2RN).
For the purpose of comparison, the studied examples include
a series of additional regular examples having the same total
mass as that on the limit and irregular examples ‘i.e., dual sys-
tem examples D1RM1N, D1RM2N, D1RM3N and D1RM4N
have the same total uniform mass as that of D1LMN,
D1IM2N, D1IM3N and D1IM4N, respectively’. From the re-
sults, it can be noted that the average storey displacement
along the building height for dual system D1LMN ‘on the
mass limit’ is larger than that of the regular dual systems
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Figure 7 Effect of mass irregularity on the envelopes of the storey displacement of dual system Example 2 under EL Centro earthquake.
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Figure 8 Effect of setback irregularity on the envelopes of the storey displacement of dual system Example 3 under EL Centro
earthquake.
326 A.M. Yousef et al.D1RN and D1RM1N by 7.20% and 2.60%, respectively,
while the average of the storey shear is larger than that of
the regular dual systems D1RN and D1RM1N by 12.60%
and 2.30%, respectively. For irregular dual systems D1IM2N
where the effective mass of any storey is 160% of the effective
mass of a subsequent storey, the average storey displacement is
larger than that of the regular dual systems D1RN and
D1RM2N by 12.4% and 2.70%, respectively, while the aver-
age storey shear is larger than that of the regular dual systems
D1RN and D1RM2N by 17.1% and 2.70%, respectively. For
irregular dual system D1IM3N where the effective mass of any
storey is 170% of the effective mass of a subsequent storey, the
average storey displacement is larger than that of the regular
dual systems D1RN and D1RM3N by 20.60% and 4.40%,
respectively. For irregular dual systems D1IM4N where the
effective mass of any storey is 140% of the effective mass of
a subsequent storey, the average storey displacement is larger
than that of the regular dual systems D1RN and D1RM4N
by 6.30% and 2.20%, respectively, while the average of the sto-
rey shear is greater than that of the regular dual systemsD1RN and D1RM4N by 11.8% and 2.1%, respectively. For
dual system D2LMN ‘long period’, it can be seen that the aver-
age storey displacement and storey shear along the height of
the dual system is larger than that of the regular dual system
D2RN by signiﬁcant ratios, 12.6% and 26.1%, respectively.
In general, increasing mass irregularity slightly increases the
overall response in comparison with the regular dual systems
having the same uniform total mass, but when compared
with regular dual systems D1RN and D2RN the ratio of
increase is high. The results clearly show that the limit of
mass irregularity required by the IBC-2012; i.e., ‘the effective
mass of any storey is 150% of the effective mass of an
adjacent storey’, is suitable for dual systems with short and
long period of vibrations and constructed from NSC dual
system examples with mass irregularity. For HSC examples
with mass irregularity, the ratio of increase in the average
overall response is generally larger than that of similar
examples constructed from NSC. The same conclusions for
the studied NSC dual systems can be drawn for the similar
HSC dual systems.
Seismic performance of HSC dual systems irregular in elevation 3278. Effect of setback irregularity on the overall response
Fig. 8 shows the envelopes of the storey displacement for the
example dual systems with setback irregularity along with
that of regular examples and that on the limits between reg-
ular and irregular cases under EL Centro 1940 earthquake re-
cord. As expected, increasing the severity of setback
irregularity increases considerably the storey displacement in
dual system examples with short and long period of vibra-
tions constructed from NSC and HSC. For dual systems
D3LBN and D2LBN with short period on the symmetric set-
back limit; i.e., ‘the setback at any ﬂoor is 20% of theTable 1 The fundamental period of vibration of the vertically irreg
Dual system examples Dynamic analysis (s) Dual system exa
D1RN 0.3 D2RN
D1LS1N 0.34 D2LS1N
D1LS2N 0.33 D2LS2N
D1IS1N 0.34 D2IS1N
D1IS2N 0.34 D2IS2N
D1IS3N 0.41 D2IS3N
D1IS4N 0.34 D2IS4N
D1IS5N 0.33 D2IS5N
D1RH 0.34 D2RH
D1LS1H 0.39 D2LS1H
D1LS2H 0.38 D2LS2H
D1IS1H 0.4 D2IS1H
D1IS2H 0.41 D2IS2H
D1IS3H 0.49 D2IS3H
D1IS4H 0.38 D2IS4H
D1IS5H 0.38 D2IS5H
D1RN 0.3 D2RN
D1RM1N 0.3 D2RM1N
D1RM2N 0.31 D2RM2N
D1RM3N 0.32 D2RM3N
D1RM4N 0.31 D2RM4N
D1LMN 0.31 D2LMN
D1IM2N 0.32 D2IM2N
D1IM3N 0.33 D2IM3N
D1IM4N 0.32 D2IM4N
D1RH 0.34 D2RH
D1RM1H 0.34 D2RM1H
D1RM2H 0.35 D2RM2H
D1RM3H 0.36 D2RM3H
D1RM4H 0.35 D2RM4H
D1LMH 0.35 D2LMH
D1IM2H 0.36 D2IM1H
D1IM3H 0.37 D2IM2H
D1IM4N 0.36 D2IM4H
D3RN 0.31 D2RN
D3LBN 0.35 D2LBN
D3IB1N 0.36 D2IB1N
D3IB2N 0.34 D2IB2N
D3IB3N 0.33 D2IB3N
D3IB4N 0.32 D2IB4N
D3RH 0.35 D2RH
D3LBH 0.41 D2LBH
D3IB1H 0.42 D2IB1H
D3IB2H 0.4 D2IB2H
D3IB3H 0.38 D2IB3H
D3IB4H 0.37 D2IB4Hprevious plan dimension and the height is within the lower
15% of the total height of the main dual system, as deﬁned
by the EC-8 and EC201-2008’, the average storey displace-
ment is larger than that of the regular dual systems D3RN
and D3RH by 13.2% and 17.2%, respectively. For dual
systems D2LBN and D2LBH with long period (on the single
setback limit; i.e., ‘the setback at the lower 15% of the total
height of the dual system and the setback at any ﬂoor is 50%
of the previous plan dimensions’ as given by the EC-8 and
EC201-2008, the average storey displacement is larger than
that of the regular dual systems D2RN and D2RH by
16.2% and 20.1%, respectively. For dual systems D3IB1Nular dual systems by codes and from dynamic analysis.
mples Dynamic analysis (s) Period of vibration (s)
IBC-2012 EC-8
2.02 0.83 0.85
2.04
2.06
2.06
2.08
2.14
2.04
2.03
2.01
2.02
2.02
2.02
2.05
2.09
2.01
2.02
2.02 0.83 0.85
2.03
2.04
2.05
2.04
2.04
2.05
2.06
2.05
2.01
2.02
2.02
2.02
2.03
2.02
2.03
2.04
2.02
2.03 0.83 0.85
2.2
2.25
2.18
2.16
2.13
2.1
2.4
2.44
2.37
2.35
2.23
328 A.M. Yousef et al.and D3IB3N; i.e., ‘the setback at any ﬂoor is 20% of the pre-
vious plan dimension and with height 8.5% and 33.3% of the
total height of the dual system, respectively’, the average
storey displacement is greater than that of the regular dual
systems D3RN by 15.3% and 8.1%, respectively. The ratios
of increase in the average storey drift, storey shear and storey
overturning moment are approximately similar to that of the
average displacement for NSC and HSC dual systems with
setback irregularities and having short and long periods.
The results clearly show that the limits of setback irregularityTable 2 The storey drift (m) of Examples 1 and 2 by codes and fro
Dual system examples EL centro earthquake Parkﬁeld eart
D1RN 0.0017 0.0015
D1LS1N 0.0020 0.0016
D1LS2N 0.0020 0.0015
D1IS1N 0.0025 0.0016
D1IS2N 0.0026 0.0017
D1IS3N 0.0040 0.0024
D1IS4N 0.0021 0.0015
D1IS5N 0.0021 0.0016
D1RH 0.0029 0.0019
D1LS1H 0.0035 0.0022
D1LS2H 0.0033 0.0021
D1IS1H 0.0036 0.0022
D1IS2H 0.0038 0.0022
D1IS3H 0.0068 0.0021
D1IS4H 0.0034 0.0021
D1IS5H 0.0035 0.0022
D2RN 0.0154 0.0088
D2LS1N 0.0216 0.0103
D2LS2N 0.0149 0.0090
D2IS1N 0.0237 0.0104
D2IS2N 0.0299 0.0103
D2IS3N 0.0191 0.0094
D2IS4N 0.0185 0.0108
D2IS5N 0.0192 0.0105
D2RH 0.0271 0.0094
D2LS1H 0.0314 0.0105
D2LS2H 0.0315 0.0108
D2IS1H 0.0318 0.0096
D2IS2H 0.0318 0.0102
D2IS3H 0.0333 0.0112
D2IS4H 0.0318 0.0108
D2IS5H 0.0321 0.0108
D1RN 0.0017 0.0015
D1RM1N 0.0019 0.0015
D1RM2N 0.0021 0.0016
D1RM3N 0.0022 0.0016
D1RM4N 0.0020 0.0015
D1LMN 0.0021 0.0015
D1IM2N 0.0022 0.0017
D1IM3N 0.0025 0.0018
D1IM4N 0.0022 0.0016
D1RH 0.0029 0.0019
D1RM1H 0.0038 0.0023
D1RM2H 0.0041 0.0022
D1RM3H 0.0044 0.0024
D1RM4H 0.0039 0.0023
D1LMH 0.0039 0.0022
D1IM2H 0.0054 0.0021
D1IM3H 0.0058 0.0023
D1IM4H 0.0041 0.0021required by the IBC-2012 is suitable for dual systems with
short and long period of vibrations and constructed from
NSC and HSC.9. Evaluation of the codes predictions of the period of vibration
and storey drift
The fundamental period of vibration obtained from the dy-
namic analysis using program IDARC-2D for the studiedm dynamic analysis.
hquake Artiﬁcial earthquake IBC-2012 EC-8
0.0010 0.02370 0.05475
0.0012
0.0011
0.0012
0.0012
0.0017
0.0011
0.0011
0.0013
0.0015
0.0014
0.0016
0.0016
0.0015
0.0015
0.0015
0.0069 0.02370 0.05475
0.0076
0.0065
0.0077
0.0076
0.0070
0.0079
0.0078
0.0075
0.0077
0.0080
0.0076
0.0076
0.0089
0.0079
0.0080
0.0011 0.02370 0.05475
0.0011
0.0012
0.0013
0.0011
0.0011
0.0014
0.0013
0.0012
0.0013
0.0016
0.0018
0.0017
0.0016
0.0016
0.0017
0.0018
0.0016
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are shown in Table 1. Generally, increasing the concrete
strength increased the period of vibration by a relatively small
value for the similar regular and irregular dual system exam-
ples with short and long period of vibration. This can be attrib-
uted to the reduction in the cross-sections of the dual system
members as a result of increasing the concrete strength. A clear
correlation between the concrete design strength and the fun-
damental period of vibration of the similar examples was not
possible. It can be seen that, the calculated fundamental period
of vibration using the dynamic analysis of the studied NSC
and HSC examples with lateral stiffness, mass and setback
irregularities is slightly larger than that of the reference regular
dual system examples. This indicates that vertical irregularitiesTable 3 Comparison between the values of the storey drift of Exa
using the dynamic analysis.
Dual system examples Storey drift (m)
Under EL centro earthquake Under parkﬁel
D2RN 0.0154 0.0124
D2RM1N 0.0165 0.0124
D2RM2N 0.0176 0.0135
D2RM3N 0.0188 0.0135
D2RM4N 0.0166 0.0125
D2LMN 0.0212 0.0129
D2IM2N 0.0224 0.0135
D2IM3N 0.0235 0.0135
D2IM4N 0.0220 0.0130
D2RH 0.0271 0.0094
D2RM1H 0.0288 0.0188
D2RM2H 0.0294 0.0188
D2RM3H 0.0300 0.0188
D2RM4H 0.0291 0.0191
D2LMH 0.0306 0.0176
D2IM2H 0.0300 0.0171
D2IM3H 0.0312 0.0182
D2IM4H 0.0305 0.0177
D3RN 0.0019 0.0017
D3LBN 0.0025 0.0023
D3IB1N 0.0026 0.0023
D3IB2N 0.0023 0.0021
D3IB3N 0.0022 0.0020
D3IB4N 0.0021 0.0019
D3RH 0.0034 0.0022
D3LBH 0.0046 0.0030
D3IB1H 0.0047 0.0031
D3IB2H 0.0043 0.0028
D3IB3H 0.0041 0.0026
D3IB4H 0.0038 0.0025
D2RN 0.0021 0.0019
D2LBN 0.0028 0.0025
D2IB1N 0.0029 0.0025
D2IB2N 0.0025 0.0023
D2IB3N 0.0024 0.0022
D2IB4N 0.0023 0.0021
D2RH 0.0037 0.0024
D2LBH 0.0051 0.0033
D2IB1H 0.0052 0.0034
D2IB2H 0.0047 0.0031
D2IB3H 0.0045 0.0029
D2IB4H 0.0042 0.0028have minor effect on the value of the period of vibrations of
the dual systems. The predicted values of the fundamental per-
iod of vibration using the equations of the seismic codes con-
sidered in this study are compared in Table 1 with those
obtained from the dynamic analysis. For the same building
dual system example, these different equations give approxi-
mately similar values of the fundamental period of vibration.
The equations used by the codes considered in this study over-
estimate the period of vibrations for regular and irregular dual
systems of Example No. 1 (with short period) and underesti-
mate the period of vibrations for regular and irregular dual
systems of Example 2 (with long period) constructed with
NSC and HSC. The level of conservation between the pre-
dicted periods and that obtained from the dynamic analysismples 2 and 3 calculated by IBC-2012 and EC-8 that calculated
d earthquake Under artiﬁcial earthquake IBC-2012 EC-8
0.0086 0.02370 0.05475
0.0086
0.0095
0.0095
0.0089
0.0091
0.0095
0.0095
0.0094
0.0075
0.0141
0.0132
0.0124
0.0143
0.0119
0.0128
0.0129
0.0121
0.0013 0.02370 0.05475
0.0017
0.0017
0.0015
0.0015
0.0013
0.0015
0.0021
0.0021
0.0019
0.0018
0.0017
0.0014 0.02370 0.05475
0.0019
0.0019
0.0017
0.0017
0.0014
0.0017
0.0023
0.0023
0.0021
0.0020
0.0019
Table 4 The storey shear (kN) of NSC examples with stiffness irregularity by the SELF method of IBC-2012 and EC-8 and from time
history analysis of EL Centro Earthquake.
Dual system examples Storey shear (kN)
1 2 3 4 5 6 7 8 9 10 11 12
D1RN 1892.0 1850.0 1768.0 1685.0 1582.0 1462.0 1334.0 1184.0 1012.0 833.0 607.0 324.0
D1LS1N 1985.0 1924.0 1840.0 1732.0 1595.0 1447.0 1298.0 1197.0 1057.0 873.0 639.0 346.0
D1LS2N 1985.0 1840.0 1777.0 1703.0 1613.0 1494.0 1345.0 1210.0 1078.0 902.0 661.0 356.0
D1IS1N 1994.0 1933.0 1849.0 1739.0 1604.0 1454.0 1303.0 1202.0 1062.0 877.0 643.0 347.0
D1IS2N 1984.0 1922.0 1840.0 1735.0 1606.0 1445.0 1341.0 1238.0 1098.0 907.0 653.0 344.0
D1IS3N 2052.0 2020.0 1957.0 1863.0 1735.0 1577.0 1426.0 1260.0 1064.0 851.0 594.0 310.0
D1IS4N 2083.0 2018.0 1932.0 1821.0 1686.0 1517.0 1408.0 1299.0 1152.0 952.0 685.0 361.0
D1IS5N 1958.0 1897.0 1820.0 1721.0 1600.0 1480.0 1391.0 1264.0 1087.0 860.0 619.0 331.0
IBC-2012 (NSC) 2208.0 2084.0 2035.0 1942.0 1864.0 1741.0 1594.0 1423.0 1227.0 1006.0 762.0 492.0
EC-8 (NSC) 3509.0 3463.0 3370.0 3229.0 3045.0 2813.0 2535.0 2212.0 1843.0 1427.0 964.0 455.0
Table 5 The storey shear (kN) of HSC examples with stiffness irregularity by the SELF method of IBC-2012 and EC-8 and from time
history analysis of EL Centro earthquake.
Dual system examples Storey shear (kN)
1 2 3 4 5 6 7 8 9 10 11 12
D1RH 1741.0 1688.0 1625.0 1548.0 1454.0 1345.0 1226.0 1091.0 931.0 767.0 556.0 299.0
D1LS1H 1838.0 1780.0 1703.0 1600.0 1476.0 1341.0 1201.0 1109.0 977.0 808.0 592.0 320.0
D1LS2H 1753.0 1703.0 1645.0 1577.0 1492.0 1384.0 1246.0 1120.0 997.0 833.0 612.0 329.0
D1IS1H 1845.0 1789.0 1712.0 1609.0 1483.0 1346.0 1206.0 1114.0 983.0 812.0 596.0 320.0
D1IS2H 1834.0 1777.0 1703.0 1606.0 1485.0 1337.0 1240.0 1145.0 1017.0 839.0 605.0 319.0
D1IS3H 1827.0 1823.0 1811.0 1723.0 1606.0 1458.0 1319.0 1166.0 985.0 787.0 549.0 286.0
D1IS4H 1901.0 1842.0 1767.0 1673.0 1555.0 1436.0 1351.0 1226.0 1056.0 836.0 601.0 321.0
D1IS5H 1811.0 1755.0 1683.0 1593.0 1481.0 1368.0 1287.0 1168.0 1006.0 796.0 572.0 306.0
IBC-2012 (HSC) 2120.0 2001.0 1954.0 1864.0 1790.0 1672.0 1531.0 1366.0 1178.0 966.0 732.0 472.0
EC-8 (HSC) 3439.0 3394.0 3303.0 3164.0 2984.0 2757.0 2484.0 2168.0 1806.0 1398.0 945.0 446.0
Table 6 The storey shear (kN) of NSC examples with storey mass irregularity by the SELF method of IBC-2012 and EC-8 and from
time history analysis of EL Centro earthquake.
Dual system examples Storey shear (kN)
1 2 3 4 5 6 7 8 9 10 11 12
D1RM1N 2105.0 2035.0 1945.0 1828.0 1681.0 1564.0 1455.0 1340.0 1188.0 983.0 707.0 372.0
IBC-2012 (NSC) 1926.0 1900.0 1849.0 1772.0 1668.0 1538.0 1382.0 1201.0 994.0 761.0 501.0 217.0
EC-8(NSC) 3423.0 3378.0 3291.0 3156.0 2982.0 2762.0 2499.0 2193.0 1842.0 1448.0 1010.0 526.0
D1RM2N 2285.0 2208.0 2122.0 2009.0 1870.0 1709.0 1608.0 1462.0 1258.0 993.0 692.0 364.0
IBC-2012 (NSC) 2028.0 2000.0 1946.0 1864.0 1756.0 1620.0 1456.0 1266.0 1048.0 804.0 532.0 232.0
EC-8(NSC) 3593.0 3547.0 3455.0 3315.0 3131.0 2900.0 2624.0 2303.0 1934.0 1521.0 1060.0 553.0
D1RM3N 2542.0 2470.0 2377.0 2258.0 2106.0 1914.0 1681.0 1532.0 1321.0 1051.0 728.0 391.0
IBC-2012 (NSC) 2128.0 2100.0 2046.0 1964.0 1856.0 1721.0 1556.0 1366.0 1148.0 904.0 632.0 332.0
EC-8(NSC) 3693.0 3647.0 3555.0 3415.0 3231.0 3001.0 2724.0 2403.0 2034.0 1621.0 116.0 653.0
D1RM4N 1895.0 1832.0 1751.0 1645.0 1513.0 1408.0 1310.0 1206.0 1069.0 885.0 636.0 335.0
IBC-2012 (NSC) 1733.0 1710.0 1664.0 1595.0 1501.0 1384.0 1244.0 1081.0 895.0 685.0 451.0 195.0
EC-8(NSC) 3081.0 3040.0 2962.0 2840.0 2684.0 2486.0 2249.0 1974.0 1658.0 1303.0 909.0 473.0
D1LMN 2162.0 2110.0 2008.0 1924.0 1766.0 1661.0 1547.0 1435 1204.0 1008.0 685.0 437.0
IBC-2012 (NSC) 2129.0 2101.0 2044.0 1959.0 1844.0 1702.0 1530.0 1331.0 1102.0 846.0 561.0 248.0
EC-8(NSC) 3764.0 3716.0 3620.0 3473.0 3281.0 3039.0 2749.0 2412.0 2026.0 1594.0 1110.0 579.0
D1IM2N 2399.0 2346.0 2237.0 2151.0 1977.0 1838.0 1625.0 1515.0 1270.0 1076.0 702.0 459.0
IBC-2012 (NSC) 1826.0 1802.0 1750.0 1680.0 1578.0 1461.0 1306.0 1144.0 937.0 728.0 470.0 215.0
EC-8(NSC) 3251.0 3212.0 3124.0 3004.0 2830.0 2633.0 2371.0 2097.0 1747.0 1394.0 957.0 525.0
D1IM3N 2746.0 2698.0 2570.0 2463.0 2261.0 2113.0 1800.0 1588.0 1326.0 1132.0 734.0 478.0
IBC-2012 (NSC) 1875.0 1852.0 1798.0 1730.0 1622.0 1506.0 1342.0 1181.0 963.0 755.0 484.0 229.0
EC-8(NSC) 3337.0 3297.0 3206.0 3086.0 2903.0 2707.0 2432.0 2158.0 1792.0 1440.0 982.0 549.0
D1IM4N 1946.0 1899.0 1807.0 1732.0 1589.0 1495.0 1392.0 1292.0 1084.0 907.0 617.0 393.0
IBC-2012 (NSC) 1916.0 1891.0 1840.0 1763.0 1660.0 1532.0 1377.0 1198.0 992.0 761.0 505.0 223.0
EC-8(NSC) 3388.0 3344.0 3258.0 3126.0 2953.0 2735.0 2474.0 2171.0 1823.0 1435.0 999.0 521.0
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Table 7 The storey shear (kN) of some examples with setback irregularity by the SELF method of IBC-2012 and EC-8 and from time
history analysis of EL Centro earthquake.
Dual system examples Storey shear (kN)
1 2 3 4 5 6 7 8 9 10 11 12
D3RN 1834.0 1795.0 1715.0 1634.0 1535.0 1418.0 1294.0 1148.0 981.0 808.0 589.0 315.0
IBC-2012 (NSC) 1724.0 1700.0 1654.0 1585.0 1490.0 1374.0 1234.0 1071.0 884.0 674.0 441.0 184.0
EC-8(NSC) 3080.0 3040.0 2962.0 2842.0 2684.0 2486.0 2249.0 1974.0 1658.0 1303.0 909.0 474.0
D3LBN 2367.0 2315.0 2212.0 2108.0 1980.0 1831.0 1670.0 1481.0 1265.0 1042.0 760.0 407.0
IBC-2012 (NSC) 1555.0 1530.0 1484.0 1421.0 1337.0 1231.0 1104.0 957.0 789.0 600.0 388.0 157.0
EC-8(NSC) 2794.0 2755.0 2675.0 2566.0 2423.0 2245.0 2031.0 1782.0 1498.0 1178.0 820.0 428.0
D3IB1N 2403.0 2351.0 2246.0 2140.0 2011.0 1858.0 1696.0 1505.0 1285.0 1058.0 770.0 412.0
IBC-2012 (NSC) 1538.0 1515.0 1473.0 1410.0 1326.0 1221.0 1096.0 949.0 782.0 594.0 385.0 155.0
EC-8(NSC) 2766.0 2726.0 2656.0 2548.0 2406.0 2230.0 2017.0 1769.0 1487.0 1169.0 814.0 425.0
D3IB2N 2237.0 2189.0 2093.0 1994.0 1874.0 1730.0 1579.0 1400.0 1197.0 986.0 718.0 385.0
IBC-2012 (NSC) 1572.0 1547.0 1501.0 1428.0 1345.0 1238.0 1112.0 963.0 793.0 603.0 391.0 158.0
EC-8(NSC) 2824.0 2783.0 2702.0 2579.0 2437.0 2257.0 2042.0 1792.0 1505.0 1183.0 824.0 430.0
D3IB3N 2156.0 2111.0 2016.0 1922.0 1805.0 1669.0 1521.0 1352.0 1154.0 950.0 691.0 371.0
IBC-2012 (NSC) 1589.0 1564.0 1518.0 1449.0 1354.0 1237.0 1096.0 948.0 782.0 594.0 385.0 158.0
EC-8(NSC) 2852.0 2812.0 2733.0 2611.0 2452.0 2254.0 2015.0 1766.0 1485.0 1167.0 813.0 431.0
D3IB4N 2054.0 2011.0 1921.0 1831.0 1719.0 1589.0 1449.0 1287.0 1098.0 905.0 659.0 353.0
IBC-2012 (NSC) 1623.0 1598.0 1551.0 1479.0 1384.0 1263.0 1119.0 969.0 799.0 608.0 395.0 160.0
EC-8(NSC) 2909.0 2868.0 2788.0 2664.0 2501.0 2299.0 2054.0 1802.0 1514.0 1190.0 829.0 433.0
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Example 1 and 3.
Comparing the maximum values of the storey drift required
by the IBC-2012 and the EC-8 given in Tables 2 and 3 with the
envelopes of the storey drift of Examples 1 and 2 with different
types of vertical irregularities under El Centro earthquake re-
cord showed that dual system Examples 2 ‘with long period’
constructed from NSC and HSC and having lateral stiffness,
mass and setback irregularities, the limits of the maximum val-
ues of the storey drift dictated by the IBC-2012 are very small
and considerably less than that calculated from the nonlinear
dynamic analysis, while for dual system example 1 or dual sys-
tem 3 ‘with short period’, these limits are conservative for reg-
ular and irregular dual systems constructed from NSC and
HSC. It should be noted that, since the frequency content of
Parkﬁeld earthquake is less than that of El Centro, the envel-
ops of the storey drift from the dynamic analysis under Park-
ﬁeld earthquake record is relatively less than that of EL
Centro. However, the limit of maximum storey drift adopted
by the IBC-2012 was not conservative for dual system exam-
ples 2 constructed from NSC and HSC and having vertical
irregularities. This indicates that the application of the drift
limits of the IBC-2012 requires increasing the cross-sections
of the vertical members and, consequently, increasing the cost
when applied to regular and irregular dual systems constructed
from NSC and HSC and having long period of vibrations. The
drift limit of EC-8 is generally conservative for NSC and HSC
regular and irregular dual systems with lateral stiffness, mass
and setback irregularities and having short and long period.
The drift limit of the EC-8 is considerably conservative for reg-
ular and irregular dual system examples having short period.
Comparing the maximum values of the storey drift allowed
by the EC201-2008 given in Tables 2 and 3 with the envelops
of the storey drift of the studied examples under the artiﬁcial
earthquake record showed that, all these limits are conserva-
tive for dual system examples 1 and 2 constructed from NSC
and HSC and having lateral stiffness, mass and setback
irregularities.10. Evaluation of the self methods
The envelopes of the storey shear of some of the studied exam-
ples with lateral stiffness, mass and setback irregularities ob-
tained from the time history analysis under EL Centro
earthquake records are compared with that calculated from
the SELF methods of the studied codes are summarized in
Tables 4–7. The predicted storey shear using the SELF methods
of the codes were calculated using the highest seismic zones
and stiff ‘medium’ soil. Generally, for all the studied examples,
the trend of the storey shear due to increasing the concrete
strength is not clear. This comparison showed that, the storey
shear calculated using the method of the IBC-2012 is slightly
conservative for NSC and HSC dual system examples with lat-
eral stiffness irregularities, while for dual system examples with
mass or setback irregularities this method generally underesti-
mates the storey shear. The SELF method of the EC-8 applied
to NSC and HSC dual system examples with lateral stiffness,
mass and setback irregularities is always conservative with a
variable range of conservatism based on the type of irregular-
ity. The results show that the SELF methods of the EC201-
2008 are safe for NSC and HSC building dual systems with dif-
ferent types of lateral stiffness, mass and setback irregularities.11. Conclusions
From the results of this study, the following can be concluded:
1. The maximum storey drift adopted by the IBC-2012 is con-
servative in some cases when applied to NSC and HSC dual
systems with short period of vibrations, while for long per-
iod dual systems the IBC-2012 maximum drift is consider-
ably less than that obtained from the time history analysis.
As for the EC-8 and EC201-2008, the drift limits are con-
servative in some cases when applied to NSC and HSC dual
systems and having lateral stiffness, mass and setback
irregularities.
332 A.M. Yousef et al.2. The equations used by the studied codes failed to give good
predictions for the period of vibration of long period of
vibration NSC and HSC dual systems. These equations
are suitable for short period of vibrations dual systems.
3. The limits in IBC-2012 and EC201-2008 identifying the lat-
eral stiffness irregularities do not result in poor seismic
behaviour for NSC and HSC dual systems with short and
long period of vibrations and can be safely relaxed. The
limits for lateral stiffness: (1) each storey should not be less
than 70% of the storey above can be reduced by 10%; and
(2) the average of lateral stiffness of three adjacent stories
should not be less than 80% can be reduced by 20%.
4. The limits of mass and setback irregularities required by the
IBC-2012, EC-8 and EC201-2008 are suitable for dual sys-
tems with short and long period of vibrations and con-
structed from NSC and HSC. However, the criteria in the
EC-8 for the deﬁnition of cases of lateral stiffness and mass
irregularities of reinforced concrete dual systems need to be
numerically identiﬁed instead of using the expression
(abrupt changes between stories).
5. The SELF method of the IBC-2012 is not conservative in
some cases when applied to NSC and HSC dual systems
with mass or setback irregularities ‘with short and long
periods’. This method is just conservative when applied
to NSC and HSC dual systems with lateral stiffness
irregularities. The SELF method of both the EC-8 and
the EC201-2008 is conservative when applied to NSC and
HSC dual systems with short and long period of vibrations
and having lateral stiffness, mass and setback irregularities.
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